Introduction
The statutory requirement to reduce UK greenhouse gas emissions by 80% from pre-1990 levels by 2050 is a major driving force in decreasing energy demand for the operation and maintenance of buildings in the UK (1). Space heating currently accounts for 40% of total energy demand in residential and service sector properties in the UK and other developed nations (2) . A reduction in the energy required to heat domestic and non-domestic buildings, most commonly recognised as office, school and retail buildings, presents one part of a solution to reach the goal of cutting greenhouse gas emissions.
Mechanical ventilation fulfils many uses through the use of fans and blowers; circulating internal air back through the building or drawing external air into the building, removing stale and polluted air as well as conditioning the occupied space for thermal comfort. These processes are highly energy intensive. Mechanical ventilation systems which provide heating and cooling are commonly referred to as Heating, Ventilation, and Air-conditioning (HVAC) create a significant demand of the total energy used in many buildings (3) . Natural ventilation uses pressure differences in and around a building to force external air into a building and draw internal air out, in this way no mechanical processes or energy input are required (4) . Pressure differences created by wind flow around a building provide a higher level of ventilation compared to the pressure differences created by the buoyancy effect of warmed air (5) .
Wind towers are a traditional Middle Eastern technology that utilises natural ventilation to encourage ventilation and cooling in buildings (6, 7) . This technology has been used for many hundreds of years and has been adopted commercially in the UK (8) . Wind towers have been proven as an effective replacement to air-handling units in schools and commercial office buildings in ventilating rooms during summer months (9) . Wind towers are designed as a ventilation aid to bring in fresh air from outside and remove pollutants; therefore their use is generally limited to the cooling seasons in the UK, as can be seen in Figure 1 . This is due to the potential for low incoming air temperatures to cause thermal discomfort to the occupants and the perception that the use of natural ventilation solutions will increase heat loss and lead to increased energy costs which are unfavourable for many users. There are examples of wind towers in use in winter months but this is generally restricted (10) . However, by restricting the use of natural ventilation methods during winter months, the concentration of pollutants have been seen to rise above the accepted guideline levels as stated by CIBSE and the Department for Education and Skills (DfES), which can lead to poor mental performance and ill health (11) .
Figure 1 Ventilation through a standard commercial wind tower
To improve the year-round capabilities of wind tower systems to enable consistent use during cooler months, a retrofit heat recovery system is desirable. This study introduces and discusses the potential of this concept through the use of CFD analysis and wind tunnel experimental for validation.
The concept is to attach a rotary thermal wheel to the bottom of a wind tower, as shown in Figure 2 .
Using the properties of the thermal wheel as a heat exchanger, the thermal energy in the internal exhaust air is recovered to the incoming air. This concept raises the incoming air temperature. By raising the temperature of the incoming air from the wind tower, adequate year round ventilation is maintained and during the heating season, energy demand for heating systems is reduced.
Figure 2 Ventilation through the proposed wind tower system with integrated heat recovery technology
It has been previously noted that wind towers are capable of delivering adequate levels of ventilation, as given in BS5925:1991, to meet pollutant removal guidelines (12) ; therefore the blockage cause by the rotary thermal wheel must not impede the ventilation rate of the wind tower to a level where these guideline ventilation rates are no longer met.
The two characteristics that were investigated were the flow distribution around the room and the air flow through the four quadrants of wind tower; this was used for the calculation of ventilation supply and exhaust rates. The study shows the inclusion of the rotary thermal wheel will affect the air supply rate into the room/building and determines if the guideline air supply rates are met for standard occupancy. In addition, the potential for heat recovery is analysed with preliminary results presented.
Previous Related Work
In recent years, wind towers have undergone considerable amount of research to better understand the effect of airflow through and over wind towers as well as the ventilation rates that can be provided by these systems. Further to this, attempts have been made to improve the thermal comfort that can be provided to occupants, either through the cooling of air for hot climates or warming in cooler climates. The work has been conducted through the use of CFD modelling as well as scaled wind tunnel testing and in some cases, in situ or field testing in order to understand the effects in a real world environment.
Understanding the ventilation rates through the use of wind towers is essential in encouraging the uptake of the technology for the wider public. In order for this to be successful, research needs to confidently show that acceptable levels of ventilation can be achieved. Hughes & Ghani (13) used CFD analysis to show that wind towers are capable of supplying the recommended air supply rates even at low external wind velocity. This simulation work is supported by in-situ wind tower testing focussed on the ventilation rates that were achievable. Jones & Kirby (8) investigated ventilation rates in schools and saw a 46% increase when a wind tower was used in conjunction with natural ventilation strategies such as opening windows and doors to aid circulation. Kirk & Kolokotroni (14) investigated ventilation rates in office buildings and recorded an increase of 87% in ventilation rates compared to mechanical ventilation when a wind tower was used.
CFD analysis can also be used to determine the most effective configuration of wind towers by analysing the flow effects around the unit. Liu et al. (15) found that the optimal number of louvers in the design of a wind tower was found to be between 6 and 8. Beyond this value the airflow rate did not increase by a significant amount to warrant the additional material.
In addition to CFD analysis, scaled wind tunnel testing is essential to gain qualitative and quantitative data from concepts and prototypes in a controlled environment. Wind tunnel testing can be used to validate work previously analysed using CFD models. Walker et al. (16) used scaled model testing in wind tunnels to validate CFD models. The results from their data showed high levels of correlations.
This shows that when the CFD models are calibrated to best replicate the conditions found in wind tunnels, errors are eliminated. Montazeri et al. (17) and Montazeri (18) used wind tunnel testing for the qualitative visualisation of air streams for alterative wind tower shape designs. Testing in this way furthers understanding of the air flow and characteristics through a building model, giving a transient solution that CFD sometimes is not able to replicate. Elmualim (19) showed the use of full scale models in large wind tunnels has shown positive results and validation of CFD analysis.
However it should be noted that with these tests, atmospheric conditions cannot be replicated in a small wind tunnel as the roof of the wind tunnel will lead to artificial acceleration of the air. Shea et al. (20) and Elmualim (21) have conducted far-field testing of wind tower systems in order to determine the suitability of the system outside of a wind tunnel.
Following work investigating the effects of flow around a wind tower, various attempts have been made to enhance the cooling and heating potential of wind towers. Bouchahm et al. (6) , Bahadori (7) and Bansal et al. (22) focussed on the inclusion of additional cooling techniques for wind towers. The work sought to make use of the evaporative cooling technique which was commonly used in the traditional designs to cool the incoming air. Though cooling has had more attention in the past, little work has been carried out in the area of heat recovery or heating incoming air in wind towers. Shao et al. (23) noted that passive stack systems are designed without heat recovery which leads to large amounts of wasted heat. Woods et al. (24) looked at the use of wind towers during the winter using air mixing techniques to dilute the incoming cool air with the internal air. This system increased the incoming air temperature, thereby negating the heat demand whilst maintaining adequate pollutant levels but required very strict building design and control systems.
Though this area of research is expanding with more teams exploring the potential of heat recovery in passive ventilation systems, little work has been performed on the use of the rotary thermal wheels specifically in natural ventilation. Younis & Shoukry (25) and Calay & Wang (26) examined the use of rotary thermal wheels for residential building applications. These studies indicate that a rotary thermal wheel may be applicable for heat exchange in ventilation, both for summer and winter conditions. However, both studies used forced ventilation in order to overcome the expected pressure drop across the rotary wheel which leads to the energy implication of the fans.
Rotary thermal wheels provide heat recovery at a high efficiency, even when compared to other heat recovery technology. The potential for energy savings through the use of a rotary thermal wheel coupled with a passive ventilation system such as a wind tower are high. The lack of current research exploring a system similar to this demonstrates a key gap in existing knowledge. This study developed both a CFD model and a 1:10 scaled model for validation using in a wind tunnel to determine the viability of this concept.
CFD Model Setup
The CFD code ANSYS Fluent 14 was used to predict the characteristics of the air flow through the wind tower models into the building model. To ensure that the CFD models were accurate and reliable, the parameters and boundary conditions reflected those found in the wind tunnel experiments.
The flow was assumed to be three dimensional, laminar and incompressible. The low Reynolds, laminar nature of the flow was modelled in the CFD software by using the k-viscous model with standard wall functions, this is the common method proposed by literature (5, 12, 17-19, 27, 28) with Reynolds numbers in the range of 3000-7500. This technique is also well established in the field of natural ventilation research. However, due to the discrepancy between different sources (19) , both the standard and RNG k-viscous models were run and compared with the wind tunnel experimental data to find the most applicable solution. The wind tower without the rotary thermal wheel was used to initially compare the different turbulence models. The CFD codes use the Finite Volume Method (FVM) approach and employs the Semi-Implicit Method for Pressure-Linked Equations (SIMPLE) velocity-pressure coupling algorithm with second order upwind discretisation.
The governing equations are established and widely used; description and derivations are available in (29) and will not be repeated here. Porous media settings were applied to the volume of the cylinder. The curved walls of the cylinder did not allow any flow to pass through, matching the wind tunnel model. The porosity of the surfaces was controlled by the inertial resistance equation, (Equation 1).
Equation 1 (29)
For a porosity of 70%, the C 2 value for the rotary thermal wheel model was found to be 89.6. Where C 2 is the inertial resistance, C is the coefficient based on the Reynolds number and D/t, A p is the total area, A f is the free area and D/t is the hole diameter/plate thickness.
Mesh Generation
The generation of a high quality mesh is a major factor in the accuracy of results obtained from CFD modelling and the convergence of the model. A non-uniform tetrahedral mesh was applied to a computational model of a wind tower without a rotary thermal wheel. This was done in order to initially understand the air flow characteristics around the wind tower and building model and how these may be affected by the rotary thermal wheel. Furthermore, an initial design allows for the most acceptable boundary conditions and turbulence models to be tested and applied. This same mesh method was then applied to the wind tower with rotary thermal wheel model.
The geometry for the two models created was very similar. The geometry for the standard wind tower was separated into two different zones; the test section including the wind tower and the building model. The geometry for the wind tower with rotary thermal wheel was separated into three different zones; the test section including the wind tower; the cylindrical volume of the rotary thermal wheel and the building model.
Grid Verification
The h-p adaption method was used in this study for the mesh created for the standard wind tower and the wind tower with rotary thermal wheel (30) . This adaption technique uses high order approximations, measuring accuracy against a user defined indicator between approximations. The entire computational domain was refined from the initial mesh size. The indicator that was used was the average air velocity measured below the wind tower and rotary thermal wheel.
The standard wind tower was meshed using a tetrahedral mesh up to a grid size of 1,149,481. This was done iteratively from an initial size of 67,120 elements to test the grid independency of the model, see Figure 3 . The same method was used for the wind tower with rotary thermal wheel mesh generation. The standard wind tower model was shown to be grid independent; the average air velocity measured in the four quadrants of the wind tower was consistent across the final two meshes meaning that the penultimate mesh gave acceptably accurate data.
Figure 3 Grid independence test of average quadrant air velocity of standard wind tower model over increasing mesh size
For the wind tower with rotary thermal wheel, the mesh element size was reduced, increasing the number of cells in the domain. A maximum grid size of 2,703,846 was created, an increase of 2,627,267 cells from the initial mesh. . The refinement of the last two stages of the mesh gave a consistent value of average velocity measured within the quadrants of the wind tower. This is shown in Figure 4 . This confirmed that the model is grid and mesh independent and capable of delivering acceptable accuracy for data measurement (5) . -500,000 1,000,000 1,500,000 2,000,000 2,500,000 3,000,000 Average Quadrant Air Velocity (m/s)
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Boundary Conditions
The boundary conditions for the CFD analysis were governed by the k-model. It has previously been shown that the RNG k- (28, 31) .
However, other work shows that for low inlet air velocity simulations, the standard kmore suitable. A comparison between these two viscous models was undertaken to determine which was the most accurate for this situation with respect to the data produced from the experimental wind tunnel tests. Standard wall functions were applied for each viscous model (17) (18) (19) .
In comparison with the wind tunnel experiments the standard k-with a lower percentage error than the RNG k-for the average indoor air velocity measured. The average error between this model and the experimental data was 30.58% whereas the RNG turbulence model was 55.39%. This correlates with data given in previous literature (17-19, 28, 31) .
In the CFD model, inlet conditions were used that would best replicate those in the wind tunnel. The inlet velocity profile was uniform across the height of the test section for both the CFD model and the wind tunnel experiment. A summary of the boundary conditions can be seen in Table 1 . This was done to simulate an average value set for heat flux from human occupants in a sedentary state, office work or occupants in a classroom. This methodology has previously been explored and showed positive results in comparison to the experimental wind tunnel model (16) . Due to limitations of the wind tunnel used in these tests, thermal conditions could not be applied. Scaling of temperature would require high temperature levels to be attained which would not be feasible or safe.
The conservation of the Navier-Stokes equations regarding velocity, pressure and thermal energy state that if one characteristic is validated between the CFD model and the experimental model, the two remaining characteristics will be valid. Further, the simple algorithm relies on resolution of pressure and velocity, thus these two parameters were validated experimentally. Therefore, thermal conditions were set to the CFD model only. Validation between the CFD model and experimental model was conducted using the air velocity within the building model.
Experimental Setup
Similarity Analysis
As a reduced scale wind tower was required to fit inside the wind tunnel, similarity analysis was necessary in order to calculate the appropriate working scale with reference to the parameters.
Similarity analysis is commonly used to correctly identify the parameters which must be maintained or scaled and has been used in reducing the scale of a prototype building whilst using air as the working fluid (32) .
The similarities that should be maintained between full scale analysis and reduced scale models are geometric, kinematic and thermal (16) . Geometric similarity can easily be achieved; dimensions are equally scaled down by the appropriate factor. The 1:10 scale used in this work was easily achieved.
The case for thermal similarity in this model is discussed in Section 3.3.
To help maintain dynamic flow similarity, the dimensionless force ratios should be kept constant between the full scale and model scale. The Reynolds number is the ratio between the inertial forces and viscous forces; this should be kept the same for both models (33) . However, it has been noted that this is impossible to achieve when using air as the working fluid (4) . Elsewhere it is stated that flow in a fully developed turbulent region is independent of the Reynolds number, this can be ensured as long as the critical Reynolds number is exceeded (34) .
The value of the critical Reynolds number is difficult to determine due to varying conditions but literature generally shows that fully developed turbulent flow is seen in values above 7500 (35) (36) (37) (38) (39) (40) (41) .
Using the critical Reynolds value of 7500, a scale above 1:60 would be sufficient for this wind tunnel experiment. The wind tunnel used for experimental analysis consisted of an overall plan length of 5.6m with a test section of the height, width, and length of 500, 500, and 1000mm respectively. The tunnel operates as closed circuit or return flow; air that passes through the test section is drawn back into the fan and recirculated into the test section repeatedly. This can lead to the air temperature inside the wind tunnel increasing due to friction and radiated heat from the fan hence, before any measurements were taken, the temperature within the wind tunnel was allowed to normalise.
Wind Tunnel Model Design
Guide vanes are used to turn the air flow around the corners of the wind tunnel while minimising the turbulence and power loss. The contraction, diffuser, test section and two corners are located at floor level and the return legs set with the axial fan are positioned vertically above the test section, see Figure 5 . A similar wind tunnel configuration has been used for experimental analysis of wind towers in previous work (17, 18) . The thermal properties and characteristics of the rotary thermal wheel could not be replicated at a reduced scale, as such it was deemed appropriate that the air flow characteristics were the most essential to be replicated. To achieve this geometry, porosity and rotation speed were the three properties of the rotary thermal wheel that were simulated to meet the experimental model scale requirements.
To meet the scale of 1:10, the rotary thermal wheel was designed to be 80mm in diameter with a depth of 20mm. Though the porosity of rotary thermal wheels is commonly as high as 90% (43) The rotation speed of a rotary thermal wheel can be varied between 10-15 rpm depending on the conditions. As the purpose of the study was to understand how the air flow characteristics through a wind tower are affected by a rotary thermal wheel, the rotation speed was set to maximum. This created the highest level of blockage for the air to pass through, making this a conservative approach to take. The rotation speed of the model was 150 rpm to conform to the 1:10 scale.
The rotary thermal wheel was held in place in the casing by using supports which did not interfere with the rotation. In order to achieve the required rotation speed for the wheel, a rotation shaft was fitted through the test section vertically which connected to a DC motor underneath the test section as seen in Figure 7 . Full sized rotary thermal wheels are belt driven within the casing, however as it was not feasible to create this mechanism for the scale model, alterations had to be made. The rotation shaft was kept as thin as possible in order to prevent the flow being affected. Additionally, measurements were taken at four points around the shaft and averaged in order to determine the air velocity at that point. The rotary thermal wheel model was held in a casing which connected to the building model below and the wind tower above (Figure 8 ). The additional height of the wind tower which the casing provided had to remain consistent with the standard wind tower model; this was achieved by the addition of an empty casing of the same dimensions, ensuring that both models were held at the same height. 
Wind Tunnel Measurement Setup
The test section in the wind tunnel measures 500 x 500 x 1000 mm. In order to accommodate the model and wind tower models, a square section was cut out of the test section which the wind tower models would fit through and attach to the building model below. The height, and thus the blockage ratio, of both wind towers were maintained through the use of casings. The blockage ratio of the wind tower models in the test section was 5.11%, this is in line with the values recommended in literature (17, 44, 45) .
In order to assess the air flow characteristics through the standard wind tower and the wind tower with the rotary thermal wheel, nine predetermined points within the room model and sixteen predetermined points beneath the wind tower quadrants were used for the measurement of the air velocity, see Figure 9 and Figure 10 . The nine points within the room model were chosen in order to
give an equal spread of measurement points and to ensure that the mixture profile of the air could be monitored ( Table 2 ). All the points were equidistance from each other and the walls of the room model. The sixteen points below the wind tower quadrants were chosen to give an average air flow through the quadrants. A hot wire anemometer measured the velocity of the air in the X, Y and Z directions at three different external wind velocities for both the standard wind tower and the wind tower with the rotary thermal wheel. Before any measurements were taken in the wind tunnel using the hot-wire anemometer, the temperature of the internal air was allowed to normalise to 23°C±0.2 due to friction before measurement began. Table 2 Mid-height measurement co-ordinates in relation to origin about the centre of the rotary thermal wheel The uncertainties associated with the velocity readings can be determined for the hot wire probe, the hot wire probe (Testo 425) gave velocity measurements with uncertainty of 1.0% rdg. at speeds lower than 8 m/s and uncertainty of 0.5% rdg. at higher speeds (8 20 m/s). The valid angle range for the hot-wire anemometer is within the range of
Validation
To validate the CFD model against the wind tunnel model, the percentage error between the two data sets must be to an acceptable level. In addition to percentage error as an indicator of correlation, identifying equal trends in both sets of data is important to validate the CFD model. To determine the accuracy of the CFD model in relation to the wind tunnel model, first a comparison of the quantitative data was taken to calculate the numerical accuracy. From this, the graphical output from the CFD model was analysed to examine the trends of the data.
The air velocity at the building model mid-height was calculated at each of the nine measurement points for the three different external air velocities. The air velocity underneath the four quadrants of the wind tower was measured at sixteen different points, four per quadrant. From this the air supply rate can be calculated and scaled up for a full sized wind tower and room. These measurement points were replicated in the CFD model. Table 3 shows the measurement of air velocity at the nine measurement points around the building model at three different inlet air velocities for both the CFD analysis and the experimental wind tunnel test. The average percentage error between the experimental wind tunnel test and the CFD analysis is consistent. At 3m/s the percentage error is marginally lower than the values seen for 6m/s and 10m/s. It can be seen from the table that the error at a number of points is larger than that at other points. The inconsistencies at point 2, 4, 7 and 9 are significantly higher than those at the remaining points. Though there is no pattern that can be identified from the location of these points relative to the building model geometry or location in the building model, other explanations of the error may be possible. Errors within the CFD mesh close to these points would have a significant follow on effect on the air flow measured. The use of the standard kmodel recirculation that occurs within the building model (46) . The recirculation area is frequently overestimated which will lead to incorrect results as demonstrated by the inconsistencies. As can be seen from Figure 11 , the CFD analysis consistently underestimates the internal air velocity compared to the values measured from the wind tunnel tests. This is significant in the development of future models and the appropriate selection of turbulence models used in CFD analysis as discussed above. Furthermore, the boundary conditions in the CFD model were kept as similar as possible to those in the experiment, minimising the error which could be caused. Grid independency was undertaken and showed the mesh was good quality. Underestimating the air velocity introduces subsequent error for further analysis of the experiment and viability of the system.
Figure 11 -Comparison of Air Velocity at Nine Measurement Points between CFD Analysis and Experimental Wind Tunnel Testing
Though the CFD model consistently underestimates the air velocity at the nine measurement points compared to the experimental models, the same distribution of air velocity can be identified. The similar trends of air velocity for both data sets show that the CFD model is validated by the experimental wind tunnel testing.
Results and Discussion
The main focus of this study was to compare the results of air flow characteristic analysis from the wind tunnel experimental model of a wind tower with rotary thermal wheel with the results from 0.00 0.50 The air velocities within the building model were measured at mid-height of the building model and below the four quadrants of the wind tower. The measurement of the air velocity below the quadrants was done in order to calculate the air supply rates and determine whether the guidelines levels could be met by the wind tower with rotary thermal wheel system.
Indoor Air Velocities and Patterns
The air pattern inside the building model gives an indication of the circulation of the incoming air into the building model, this is important in determining whether the inclusion of the rotary thermal has a significant negative effect on the air flow into the building model compared to the standard wind tower. Understanding how the rotary thermal wheel affects the flow of air through the wind tower into the building is essential in order to develop the system and identify its limitations.
As can be seen in Figure 12 , there is a significant amount of air distribution around the building model away from the inlet quadrant of the wind tower. This suggests that the incoming air will be well distributed to all areas of the building, ensuring that fresh air can be introduced to all occupants. The ability for air distribution is further highlighted in Figure 13 , showing the air velocity contour at mid-height of the building model. 
Air Supply Rates
A key area to test the suitability of the wind tower with rotary thermal wheel in a realistic environment was to determine the air supply rate of the system. By calculating the air supply rate of the system under a range of inlet air velocities the ventilation rates for a set occupancy was determined. The air supply rate was calculated by using the air velocity in the supply quadrant of the wind tower, the value of this can be seen in Table 4 . The percentage error between the CFD analysis and the experimental wind tunnel testing was significantly smaller than the error seen at the nine measurement points at the building model mid-height. To calculate the air supply rate, the volume of air moving into the room model was determined from air velocity at the supply quadrant of the wind tower multiplied by the area of the quadrant. This value was then converted into litres per second. The air supply rates, as seen in Table 5 , are in agreement to those published in previous work (5) . Though there is similarity between existing air supply rates for wind towers and the air supply rates calculated, the addition of the rotary thermal wheel caused a noticeable reduction in the supply rate, see Figure 14 .
The errors that can be identified in both Table 4 and Table 5 are due to the limitations of the standard k-Because of the rotating mesh used to model the rotary thermal wheel, complex flows are created below the wheel. The swirling effect below the wheel is difficult to model using the standard k-
In Table 4 , the greatest error between the CFD data and the experiment data for the 3 and 6m/s inlet velocity scenarios is in the inlet quadrant, 13.68% and 24.85% respectively. This is due to the increased volume of air that flows through a single quadrant compared to the three exhaust quadrants which have lower volume of air. However, in the case of 10m/s inlet velocity, exhaust 1 has a significantly higher error than the supply quadrant and the remaining exhaust quadrants, 41 .10% compared to 22.77%. The increased air inlet velocity and rotating mesh used in the model may create additional error. Further investigation is needed with regard to this error in exhaust 1.
In Table 5 , the difference between the air supply rates in the CFD results and the experiment results is greater at each inlet velocity for the supply quadrant of the wind tower. At 10m/s the error is significantly larger for all quadrants than that for the other inlet velocities. The instantaneous exchange of indoor and outdoor air is cancelled out by the averaging method of calculating air flow.
This results in lower ventilation rates and air change effectiveness (47) . As the inlet air is at a greater velocity, the error will be increased compared to the lower inlet air velocities. A standard occupancy density for schools and offices has previously been determined (11) . Both these values were used in determining the air supply rate per person of the building model used in this study as the dominate consumers of wind tower products. The required air supply rate to meet guideline ventilation levels for both schools and offices is 8L/s per person (48, 49) . Based on these required values of ventilation, the wind tower with rotary thermal wheel is capable of meeting these guideline levels above an inlet air velocity of 3m/s for 13 occupants in a school and 2 occupants in an office. Below this inlet air velocity, the ventilation guidelines would not be met for the school room.
It should be noted that the average wind speed above 25m in the UK is greater than 5m/s (50) . This value is above the 3m/s inlet velocity and so suggests that the wind tower with rotary thermal wheel would be capable of meeting the ventilation requirements much of the time. Below 3m/s inlet air velocity, the required ventilation rates can still be met for rooms with lower occupancy. Figure 14 compares the guideline air supply rate per person against the air supply rate per person calculated for a wind tower and a wind tower with rotary thermal wheel using both experimental and CFD data.
At air velocities 5m/s and above, all of the configurations exceed the guideline levels of air supply rate per person. The results shown in Table 6 can be compared to data obtained in previous work from a study on the ventilation rates in a number of school classrooms (10) . Two of the eighteen classrooms studied were naturally ventilated using wind tower systems. The classrooms were normalised for occupancy and volume to ensure that a fair comparison could be made. It was noted that during the winter months that six of the classrooms were not capable of meeting the minimum ventilation rate at any time of 3L/s/p but the classrooms ventilated using the wind tower may be capable of reaching these guideline levels if better designed. F ventilation rate was 5.5L/s/p and 3.4L/s/p respectively. These values are lower than the values calculated for classroom occupancy of 13.9 in the model for both the CFD analysis and the experimental wind tunnel testing. As the measurements of 5.5L/s/p and 3.4L/s/p are taking from onsite readings, it can be presumed that the data is accurate, though no measurement of external wind velocity is given for these ventilation rates which may explain the low values.
Pressure Drop across Rotary Thermal Wheel
The pressure drop across the rotary thermal wheel was measured in the CFD model. Measurements were taken directly above and below the rotary thermal wheel and an average pressure drop was calculated for each quadrant. As expected, the pressure drop increased across all four quadrants of the wind tower as the external air velocity increased, as seen in Figure 15 . Furthermore, the supply quadrant consistently measured a higher pressure loss than the three exhaust quadrants. This is due to the increased volume of air which will be moving through the supply quadrant compared to the three exhaust quadrants.
Figure 15 Pressure drop across the rotary thermal wheel measured at three inlet air velocities
The maximum pressure loss across the heat exchanger was 45.40Pa in the supply quadrant at 10m/s inlet air velocity. Though this is a significant loss, previous results show that the airflow rate into the building model is not affected in a noteworthy way. Moreover, work has previously been conducted using a wind tower integrated with a fixed plate heat exchanger which showed a similar pressure drop across the heat exchanger. At an inlet air velocity of 3.1m/s, a pressure drop of 30Pa was measured which is significantly higher than the pressure loss measured in this work (51) . At a similar inlet air velocity, the maximum pressure loss was measured as 4.33Pa. This suggests that the rotary thermal wheel is a more suitable heat recovery device for integration into a commercial wind tower system.
Internal Air Temperature
The internal air temperatures were measured at the same nine measurement points that were used for the air velocity over three different inlet velocities. A number of trends can immediately be Figure 16 . As expected, the internal temperature falls as the inlet velocity increases.
What is noticeable is the rate at which the internal temperature falls as the inlet velocity increases.
From 3m/s to 6m/s external wind speed, a more substantial temperature drop is seen than from 6m/s to 10m/s. This is likely due to the equalising of the temperature of the inlet air with the internal heat flux. The inlet air temperature was set at 296.19K (23.2°C), matching the temperature measured in the wind tunnel. A second observation is the distribution of the heat across the building model. It is worthy to note the temperature difference seen in the cylindrical volume of the rotary thermal wheel. On the inlet stream of the wheel, the air temperature is at 23.2°C. On the outlet stream of the wheel, the air temperature is 25.2°C due to the heating effect of the floor area. This suggests that if the increased temperature in the outlet stream can be recovered and transferred to the inlet stream, the inlet temperature would reduce the demand on any heating system used. Further to this, the inlet air temperature was set at 23.2°C which is higher than average outdoor air temperature recorded in the UK between 1981 and 2010 of 12.4°C (52) , meaning that the outlet stream temperature would be significantly higher than the inlet stream temperature, giving great potential for thermal energy recovery and transfer. 
Conclusion
The aim of this study was to determine whether the air flow through a wind tower is significantly affected by the inclusion of a rotary thermal wheel at the base of the wind tower. It has be shown in previous work that wind towers are capable of delivering the guideline levels of ventilation into a room, therefore the rotary thermal wheel should not reduce the air supply rate to unsuitable levels to provide adequate ventilation to be an effective system. CFD models were validated against experimental models tested in a closed circuit wind tunnel for a wind tower concept that incorporated a rotary thermal wheel in the structure.
The comparison between the CFD and experimental model showed a strong correlation between the two sets of data. Though an error between the CFD and experimental results of approximately 36% existed, the same trend of the air velocity within the building model can be identified in both the CFD and experimental data. It has previously been noted in literature that in the study of natural ventilation effects, errors up to 100% between CFD and experimental models can be deemed acceptable when positive trends between the two sets of data can be observed (27, 53) .
In order to determine whether the rotary thermal wheel impeded the air supply rate into the building model, the air supply rate was investigated and compared both to existing guideline values and previous work. The wind tower with rotary thermal wheel was capable of meeting the guideline ventilation rates above an inlet air velocity of 3m/s for a standard occupancy density of 1.8m 2 per person. Below this inlet air velocity it is unlikely that ventilation would be adequate for a classroom with 13 or more occupants. It should be noted that a value of 1.8m 2 per person is the minimum value for occupancy density in a classroom, as this value increases it is possible that the ventilation rates would be suitable for the reduced number of people. By comparing the results of the air supply rate from the wind tower with rotary thermal wheel to previous work, although the air supply rates did not match, the values exhibited the same trend as a standard wind tower. It can be seen that the air supply rates through the wind tower with rotary thermal wheel are approximately one third of the values from the wind tower which correlates to the porosity of the thermal wheel of 70%, added to the reduced area of the casing and this shows that the rotary thermal wheel does not have a significant effect on the air flow through the wind tower and into the room model.
The indoor air temperature measured from the CFD models indicates that at a constant heat output within the building model, there is a noticeable difference between the inlet and exhaust air streams in the wind tower. A recovery of 3°C from the exhaust stream to the inlet stream could generate energy savings up to 20% in heating costs (54) . The potential to recover heat through a rotating thermal wheel could lead to further lower energy costs for heating systems due to the increased heat recovery capabilities.
The results of this study show that incorporating a rotary thermal wheel into a standard wind tower does not result in a significant decrease in the air supply rate into a building whereby the ventilation guideline rates are not met. This shows that the concept has significant potential to be developed further, whereby the heat transfer properties of the system can be investigated and tested on a larger scale.
